The Wingless(Wg)/Wnt signal transduction pathway directs a variety of cell fate decisions in developing animal embryos. Despite the identification of many Wg pathway components to date, it is still not clear how these elements work together to generate cellular identities. In the ventral epidermis of Drosophila embryos, Wg specifies cells to secrete a characteristic pattern of denticles and naked cuticle that decorate the larval cuticle at the end of embryonic development. We have used the Drosophila ventral epidermis as our assay system in a series of genetic screens to identify new components involved in Wg signaling. Two mutant lines that modify wg-mediated epidermal patterning represent the first loss of function mutations in the RacGap50C gene. These mutations on their own cause increased stabilization of Armadillo and cuticle pattern disruptions that include replacement of ventral denticles with naked cuticle, which suggest that the mutant embryos suffer from ectopic Wg pathway activation. In addition, RacGap50C mutations interact genetically with naked cuticle and Axin, known negative regulators of the Wg pathway. These phenotypes suggest that the RacGap50C gene product participates in the negative regulation of Wg pathway activity.
9 or enhance the mutant phenotype of the wg temperature sensitive allele, wg IL114 , we isolated two EMS-induced mutations that subtly modify the wg IL114 mutant cuticle pattern. These modifier mutations, AR2 and DH15, fail to complement each other and thus identify a single complementation group, linked to wg on the second chromosome. These two alleles produce identical phenotypes in our assays: all figures shown use the AR2 line, however, similar results were obtained using DH15. Both mutations show no increase in severity when place in trans to a deficiency for the region, and so are likely to represent loss of function alleles.
wg IL114 embryos at the restrictive temperature are much smaller than wild-type and secrete the "lawn of denticles" cuticle pattern typical of low pathway activity ( Figure 1A ). The modifier lines AR2 and DH15 were found to alter the wg IL114 phenotype in a similar way, increasing the spacing between denticles and the overall body size of the doubly mutant embryos ( Figure 1B ). This phenotype indicates that the modifier mutations considerably reduce the severity of the wg loss of function phenotype, resulting in a larger, healthier embryo even though the cuticle pattern is only subtly altered. Both AR2 and DH15 also modify other wg alleles, including wg CX4 , an RNA null allele of wg (not shown). The cuticle pattern defects of weak wg alleles are more dramatically suppressed by the AR2 and DH15 mutations. The wg
PE2
hypomorphic allele produces a protein with a lower affinity for the receptor complex (Bejsovec and Wieschaus 1995; Moline et al. 2000) . wg PE2 homozygous mutants show segmental denticle diversity, but little or no naked cuticle separating the belts ( Figure 1C ). The wg PE2 AR2 doubly homozygous mutants show an increase in the amount of naked cuticle, indicating that some Wg signaling is restored ( Figure 1D ).
In an otherwise wild type background, the AR2 and DH15 mutations are recessive lethal, and homozygous embryos show an excess specification of naked cuticle at the expense of denticles. Wild-type embryos ( Figure 1E ) secrete an average of 5.95 + 0.15 (n=40) rows of denticles per belt in abdominal segments 3, 4, 5 and 6. In contrast, AR2 mutant embryos secrete an average of only 3.95 + 0.64 (n=80) rows of denticles per belt ( Figure 1F ). The mutant denticles also differ morphologically from the wild-type. Wild-type denticles show a wide range in size, with those in row 5 being largest (Bejsovec and Wieschaus 1993) . The AR2 and DH15 mutant denticle belts contain fewer of these large denticles: most denticles observed are similar in size to the smaller denticles normally found in rows 1 through 4 of the wild-type belt pattern.
The slight suppression of wg mutant phenotypes and the ectopic specification of naked cuticle are consistent with an increase in Wg pathway activity, suggesting that the AR2 and DH15 mutations might disrupt a negative regulator of the pathway.
AR2 and DH15 carry nonsense mutations disrupting the RacGap50C locus: The AR2 and DH15 mutations were mapped on the second chromosome, using standard meiotic recombination and deficiency analysis. Male site-specific recombination further refined the interval to cytological region 50C06-09. Seven candidate genes within this interval were sequenced and lesions in only the RacGap50C locus were detected for both the AR2 and DH15 Figure 3D ). Rather than the expected hyperactivation, the resulting cuticles show defects more consistent with a reduction in Wg signaling, even though Wg protein levels are unaffected (not shown). Furthermore, overexpression of a dominant-negative form of Rac1, UAS-Rac N17 (Luo et al. 1994) , with most embryonic drivers tested does not produce any disruption of ventral epidermal patterning, although dorsal closure is clearly disrupted as previously reported ( Figure 3E ). We conclude that RacGap50C does not act through Rac in promoting its effects on embryonic pattern formation.
RacGap50C interacts with negative regulators of the Wg pathway:
The increased specification of naked cuticle in AR2 and DH15 mutant embryos suggests an increase in Wg pathway activity similar to that observed in mutants disrupting known negative pathway regulators. Most of these negative regulator mutations have a strong maternal effect, and the excess naked cuticle phenotype is observed only when maternal contribution is reduced (Siegfried et al. 1992; Hamada et al. 1999; McCartney et al. 1999 ). The exception is naked cuticle (nkd), which acts zygotically (Jürgens et al. 1984) as do the AR2 and DH15 mutations. nkd encodes a protein that interacts with the Wg pathway at the level of Dsh, to which it binds through the Dsh basic-PDZ region (Zeng et al. 2000; Rousset et al. 2001) . nkd mutant embryos
show an excess of naked cuticle at the expense of denticle belts, and this phenotype is enhanced by RacGap50C mutations. There is some variability in the nkd mutant phenotype, but on average nkd mutants produce 1.5 abdominal denticle belts ( Figure 4A ; Table 1 ), as opposed to the 8 abdominal belts seen in wild-type. The denticles formed in the few nkd mutant belts are normally patterned, with typical denticle morphologies (Bejsovec and Wieschaus 1993). In contrast, the average phenotype of RacGap50C; nkd doubly homozygous mutants is uniform naked cuticle, showing no denticle belts at all ( Figure 4B ; Table 1 ).
The nkd mutant phenotype is sensitive to wg gene dosage: heterozygosity for a wg null allele partially suppresses the ectopic naked cuticle specification of nkd homozygotes (Bejsovec typically show a range of between 4.5 and 7.5 abdominal denticle belts ( Figure 4C ; Table 1 ), as opposed to the 1.5 average for nkd single mutants. This rescue is reversed when the AR2 or DH15 mutation is placed in the background. Embryos homozygous for both RacGap50C and nkd, and heterozygous for wg CX4 , secrete uniform naked cuticle with no denticle belts ( Figure   4D ; Table 1 ). Thus RacGap50C activity is required for the wg dose sensitivity of nkd.
Since RacGap50C mutations are enhancers of the nkd loss of function phenotype, we wondered how they would behave in nkd gain of function experiments. Ubiquitous overexpression of nkd in a wild-type embryo produces no cuticle pattern defect unless the gene dosage of wg is reduced (Zeng et al. 2000) . In wg CX4 heterozygous embryos, overexpressing nkd produces fusions between denticle belts due to loss of the intervening naked cuticle ( Figure 4E ).
Thus, when Wg levels are limiting, ectopic Nkd activity can antagonize the pathway. We find that reducing the dose of RacGap50C reverses this effect. Embryos heterozygous for wg CX4 and
RacGap50C show a wild-type cuticle pattern when nkd is overexpressed ( Figure 4F ). This series of experiments demonstrates that RacGap50C has a synergistic interaction with Nkd, a negative regulator of the Wg pathway, suggesting that RacGap50C also is required for negative pathway regulation.
We find similar interactions with Axin, another negative regulator of the Wg pathway.
Overexpression of a GFP-tagged Axin transgene causes cuticle pattern defects consistent with severely compromised Wg signal transduction. The embryos show a "lawn of denticles" pattern similar to wg loss of function mutants ( Figure 4G ). However, when Axin is overexpressed in RacGap50C mutant embryos the resulting phenotype is not as severe. Some aspects of the segmental pattern are rescued, with more naked cuticle separating the denticle belts ( Figure 4H ). Figure 5A , B), indicating that the mutations disrupt neither expression nor protein accumulation. We also examined expression of engrailed, another target gene for Wg activity (DiNardo et al. 1988; Martinez Arias et al. 1988) , and found no significant change in its pattern or level compared with wild-type (not shown).
In contrast, the levels of Arm protein accumulation are significantly altered in
RacGap50C mutants compared with wild-type. arm mRNA is expressed at uniform levels throughout the epidermis (Riggleman et al. 1989) , but Arm protein accumulates in a striped pattern in wild-type embryos, reflecting the segmental stripes of high Wg signaling activity (Riggleman et al. 1990; Peifer et al. 1994) . In RacGap50C mutant embryos, Arm accumulation appears to be elevated compared to wild-type ( The epidermal patterning defects we observe are not, however, a secondary consequence of late defects in cytokinesis. First, we observe changes in Armadillo stabilization beginning at stage 9, whereas the cell division defects observed by the Saint laboratory do not become apparent until stage 11. Second, we find that the cuticle pattern defect is rescued by ectopic expression of the UAS-RacGap50C ∆EIE transgene ( Figure 3C ), whereas the cytokinesis defect is not (Somers and Saint 2003) . Third, we have found another experimental condition that rescues the epidermal patterning defects of RacGap50C homozygotes without rescuing the cytokinesis defects. Antagonizing Wg pathway activity by ectopically overexpressing nkd significantly reverses the cuticle pattern defects of RacGap50C mutant embryos ( Figure 6A ,B), although it does not alter their embryonic lethality. RacGap50C homozygous embryos overexpressing nkd produce 5.25 + 0.47 rows (n=80) of denticles per belt, comparable to the measurements obtained for mutant embryos rescued with the wild-type RacGap50C transgene. Thus ectopic Nkd activity can partially compensate for loss of the RacGap50C activity in Wg-mediated patterning events, and allows RacGap50C mutant embryos to secrete a pattern more similar to the wild-type state ( Figure 6C ). However, we observe large, binucleate cells accumulating in nkd-overexpressing RacGap50C mutant embryos at the same frequency as they do in the RacGap50C homozygotes alone ( Figure 6D ,E), even though epidermal patterning defects are substantially rescued in the nkd overexpressing embryos. Wild-type embryos at the same stage ( Figure 6F ) do not accumulate binucleate cells and show a higher cell density in the epidermal epithelium than do the RacGap50C mutant embryos. Thus the role of RacGap50C in Wg pathway modulation is separable from its role in forming the contractile ring during cytokinesis.
DISCUSSION
Involvement of a Rac GTPase-activating protein homolog in Wg signaling is unexpected and unprecedented, and may reveal a novel function that does not involve a Rho family GTPase.
We find that RacGap50C interacts genetically with nkd, and appears to act at the same level or downstream of Axin in the control of Arm stabilization. Our data indicate that RacGap50C probably does not act through Rac1 to negatively regulate Wg activity, nor are other GTPases likely to be involved in this aspect of epidermal patterning since the cuticle defects of mutant embryos can be rescued by a form of RacGap50C that lacks catalytic residues in the GTPaseactivating domain. Moreover, previous work shows that other Rho family members are unlikely to be involved in Wg-mediated patterning. Overexpressing either constitutively-active or dominant-negative Rho, Rac, or cdc42 transgenes disrupts dorsal closure but does not appear to affect ventral patterning (Luo et al. 1994; Harden et al. 1999) . Loss of maternal Rho activity has been found to alter embryonic segmental pattern, but this is due to an early effect on establishing segmentation gene expression patterns (Magie et al. 1999) . Ras activation through the EGF signaling cascade has been found to affect epidermal patterning, but in a way that counteracts Wg signaling (O'Keefe et al. 1997; Szuts et al. 1997) . Thus a GTPase-activating protein would be expected to positively influence Wg-mediated patterning if it acted through Ras, rather than the negative influence we observe for RacGap50C.
For these reasons, we believe that the role of RacGap50C in Wg signaling may instead parallel its role in cytokinesis, where it seems to function primarily as an adaptor molecule. 
